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ABSTRACT 
Amorphous gadolinium gallium oxide (GGG) and crystalline gadolinium oxide (Gd2O3) have been 
investigated as dielectrics for fabrication of GaN metal oxide semiconductor field effect transistors. GGG, 
depoisted by e-beam evaporation in a molecular beam epitaxy (MBE) chamber was found to produce a 
breakdown field of 12MV/cm indicating a low concentration of defects in the dielectric. MOSFETs fabricated 
with this dielectric showed modulation at forward voltages up to 3V. GdzO3 was deposted by molecular beam 
epitaxy using elemental Gd and an electron cyclotron resonance (ECR) oxygen plasma in an MBE chamber. 
Both reflection high energy electron diffraction (MEED) and x-ray diffraction confirm the single crystal 
nature of the deposited Gd203. However, cross-sectional transmission electron microscopy indicates the 
presence of a large concentration of dilocations and other structural defects. These defects cause significant 
leakage in the Gd203 and necessitated the addition of an Si02 overlayer in order to reduce the gate leakage 
current in depletion mode devices. Using this double layer structure, devices with modulation at forward 
voltages up to 7V were obtained, as compared to 3 V. for devices fabricated with GGG. Both dielectrics appear 
to be stable at temperatures up to 950 - 1000°C as determined by x-ray diffraction and Auger electron 
spectroscopy. 
INTRODUCTION 
Fabrication of GaN-based metal oxide semiconductor field effect transistors (MOSFETS) is attractive 
as this type of device overcomes many of the problems associated with the use of metal semiconductor field 
effect transistors (MESFETs). This approach, however, requires implementation of a dielectric layer which 
produces very low interface state densities with GaN and which itself has a very low density of traps. In 
addition, it must have a large bandgap and preferably a large dielectric constant as well. The candidate 
dielectrics which are presently under investigation for use with GaN are shown in Table I. Most work in this 
area has focussed on the amorphous dielectrics, and in particular on SOz. Silicon oxide deposited by plasma 
enhanced chemical vapor deposition (PECVD)'*2.3 has been reported to give interface state densities on the 
order of low 1x10" eV-'cm-'. Silicon oxide deposited by electron beam (EB) evaporation has shown interface 
state density of 5.3~10" eV''cm-2! This dielectric has also been employed as the insulator in an insulated gate 
heterostructure FET (IG-HFET) by Khan et. ai? While these devices are promising, the low dielectric constant 
of Si02 and the absence of modulation at voltages above 3-4V in Si02/GaN devices suggests that other 
alternatives should be considered. 
Silicon nitride is another amorphous dielectric which has been explored. Deposition by PECVD3*6 on 
GaN resulted in an interface state density of 6.5~10" eV'cm-2. Electrical measurements showed the MISFET 
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structure had a large flat band voltage shift (3.07 V) and a low breakdown voltage (1.5 MV/cm) of the 
dielectric. A unique dielectric structure of SiO2/Si3N4/SiO2 (ONO) was reported to have a breakdown field 
strength of 12.5 MV/cm for temperatures as high as 300"C? The ONO structure was deposited by jet vapor 
deposition to a thickness of lOnm/20nm/lOnm. This multilayer structure allows for unique engineering of a 
dielectric, and will most likely receive more attention in the future. 
Structure 
Mismatch to GaN (%) 
Bandgap (eV) 
Gallium oxide is yet another material which has been investigated. Thermal oxidation of the GaN 
surface to form Ga203 has been performed in and wet" atmospheres. Dry oxidation of GaN epilayers at 
temperatures below 900°C showed minimal oxidation. At temperatures above 900"C, a polycrystalline 
monoclinic Ga2O3 forms at a rate of 5.0nm/hr. This oxidation rate is too slow to be viable as a processing step. 
Wet oxidation of GaN also forms polycrystalline monoclinic Ga2O3, but at a rate of 50.0nm/hr at 900°C. From 
cross-sectional transmission electron microscopy, the interface between the oxide and the GaN is found to be 
non-uniform. Electrical 
characterization of the oxide films shows the dry oxide dielectric has a breakdown field strength of 0.2 MV/cm 
and the wet oxide dielectric field strength of 0.05 to 0.1 MV/cm. As with GaAs, it does not appear that Ga2O3 
will be a viable dielectric for GaN. 
Scanning electron microscopy shows that both films are rough and faceted. 
Amor. Amor. Amor. 2H Hex.Nono. Bix. 2H 
2.5 56 20 
9.0 5 .O 4.7 6.2 4.4 5.3 3.39 
In addition to the amorphous dielectrics, crystalline AlN has also been considered. Aluminum nitride 
deposited by MBE and MOCVD has been used to create MISFET devices and insulated gate heterostructure 
field effect transistor (IG-HFET) The AlN MISFET structure grown by MOMBE at 400°C was 
polycrystalline and resulted in a dielectric breakdown field of 1.2 MV/cm. The A1N IG-HFET structure was 
grown at 990"C, forming a single crystal film of 4.0nm. This device operated in enhancement mode and had a 
pinch-off voltage of 0 V. Unlike the amorphous dielectrics, single crystal AIN and polycrystalline A1N films 
are expected to suffer from defects and grain boundaries that reduce the breakdown field sustainable in the 
material. 
Dielectric Constant, E 
TMP (K) 
Due to the recent success of gallium gadolinium oxide (GGG) as a dielectric in GaAs MOSFETS,'~-'~ 
attention has turned toward this as a dielectric material for GaN. This material is amorphous when deposited by 
e-beam evaporation. The large dielectric constant of this material is particularly attractive and the bandgap, 
though significantly lower than that of SO2, is expected to be adequate. An attractive alternative to both GGG 
and Si02 is Gd203 which also has a high dielectric constant, 11.4, and bandgap of 5.3 eV.19-21 This oxide exists 
in the Mn203 (Bixbyite) crystal structure22 which exhibits similar atomic symmetry in the (1 11) plane as the 
GaN (0001) basal plane. This similarity in symmetry offers the possibility to grow an epitaxial dielectric. 
Single crystal growth of Gd2O3 on GaAs has, for example, been demon~trated.2~ However, in the case of GaAs 
the expected orientation between the Gd2O3 and the substrate is (100) rather than (1 11). Further, the bond 
length mismatch between the Gd2O3 and GaAs (100) planes is smaller than between the Gd2O3 (1 1 1) and GaN 
(OOOl), 4.2% vs. 20%. Thus it is not obvious from the GaAs results that single crystal Gd2O3 can in fact be 
grown on GaN. Based upon results with other dielectrics, it is expected that polycrystalline Gd2O3 will not 
provide, the low interface and oxide trap densities needed for acceptable device performance%, necessitating the 
growth of single crystal films. This paper will compare the behavior of GGG and Gd203 for use in GaN-based 
MOSFET devices. 
rable I Candidate dielectrics for use in GaN-based electronic devices. 
I Si02 I Si3N2 I GGG 1 AlN I ~ a 2 0 3  I Gd203 I GaN 
3.9 5.0 14.2 8.5 10-11.4 /3.4 3.4 
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EXPERIMENTAL PROCEDURE 
GGG was deposited onto GaN after heating to 650°C in ultra high vacuum to remove surface 
contamination. Both MOCVD and MBE grown GaN layers were employed. GGG films at thicknessess of 8 - 
20 nm were deposited by electron-beam evaporation from a single crystal GGG garnet in a molecular beam 
epitaxy system. The wafers were then removed from the UHV chamber and MOS diodes were made by 
directly depositing Ti/Pt/Au (20/50/200 nm) on the GaN through a shadow mask with different diameters. A 
depletion mode MOSFET was also fabricated. For this device, the GaN layer structure was grown on c-A1203 
substrates prepared initially by HCI/HNOJI-I20 cleaning and an in-situ H2 bake at 1070°C. A GaN buffer 
<30081 thick was grown at 500°C using trimethylgallium and ammonia and crystallized by ramping the 
temperature to 1040°C. The same precursors were used again to grow 2 3 pm of undoped GaN (n e 10l6 
and a 200081 Si-doped (n = 5 x 10” cm”) active layer. The sample was loaded into a solid source MBE 
chamber and the GaN native oxides was thermally desorbed at a temperature of 600°C. After oxide desorption, 
the wafer was transferred under vacuum into a second chamber and the oxide was deposited onto the GaN 
using e-beam evaporation from the single crystal Ga203(Gd203) source at a substrate temperature of 550°C. 
The dielectric thickness and interface roughness were measured with X-ray reflectivity. Device isolation was 
achieved with CldAr dry etching in a Plasma Therm ICP system. TdAl/F’t/Au and Pt/Ti/Pt/Au were used as 
ohmic and gate contacts, respectively. 
The Gd20YGaN device structure was grown by metalorganic chemical vapor deposition (MOCVD) in 
an Aixtron system. The Gdz03 layer was deposited in a RIBER2300 using elemental Gd and an oxygen plasma 
generated by a Wavemat MPDR 610 electron cyclotron resonance (ECR) plasma source. The deposition 
temperature was 650°C. Prior to deposition of the oxide, the GaN was dipped in dilute HCl for 3 min., exposed 
to ozone for 25 min. in a UVO Cleaner Model 42-220, and then dipped in dilute HF for 5 min. This procedure 
has been shown to leave a carbon-free surface when examined by Auger electron spectroscopy (AES). 
Reflection high energy electron diffraction (RHEED) analysis of the GaN surface showed a GaN( 1 x3) surface 
reconstruction when the sample was heated to 700°C in vacuum. The Gd2O3 was deposited at a rate of 0.78 
nm/min. to a total thickness of 70 nm. Device fabrication began by wet chemical etching the Gd203 with HC1 
in the source and drain contact regions. Ti(20081)/A1(60081)/Au( 100081) ohmic contacts were deposited by 
electron-beam evaporation. Oxygen implantation was used for electrical isolation of the discrete devices. A 
similar 0’ implantation scheme has previously been shown to yield sheet resistance in GaN on the order of 10” 
R/U. To enhance the gate breakdown voltage, a 300A layer of Si02 was electron-beam evaporated onto the 
Gd203 surface in the photolithographically-defined gate contact region, followed immediately by gate 
metallization of Ti( 10081)/Au( 100081) in the same deposition chamber. 
Auger electron spectroscopy (AES) was used to determine qualitatively the elements present in the 
grown dielectrics. A Perkin Elmer 660 AES was used for these measurements. A Digital Instruments 
Nanoscope 111 was used in tapping mode to obtain a root mean square (RMS) roughness of the surface. A 
JEOL 4000FX operating at 400keV was used for high-resolution analysis of the GdzOYGaN interfaces. 
RESULTS AND DISCUSSION 
The oxide thickness and the RMS roughness of the GGG/GaN interface were studied by x-ray 
reflectivity. The interfaces were found to be quite smooth with interfacial roughness as low as 0.3 nm. The 
roughness is believed to come from the GaN surfaces, which are known to be quite rough even when grown 
under optimum MOCVD growth conditions. X-ray reflectivity studies were performed on 8.5 nm GGG films 
before and after rapid thermal annealing at 825°C or 95OoC, and are shown in Figure 1. By analyzing the 
periodic spacing of the oscillatory curves, it is estimated that the thickness of the oxide films does not change 
significantly with annealing, even for a temperature of 950°C. Judging from the similarity of the intensity 
decay with increasing 28, it is clear that the aidoxide and oxide/GaN interfaces remain intact after annealing. 
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AES depth profiling of a GGG/GaN 
MOSFET structure indicates that the concentration 
of the GGG layer varies with distance from the 
GaN interface, as shown in Figure 2. The initial 
material deposited on the substrate appears to be 
Gd203 with the Ga signal appearing roughly half 
way through the sample. The oxygen signal also 
increases with increasing distance from the GaN 
interface. Similar profiles have also been observed 
in GGG deposited by e-beam evaporation on GaAs. 
It is not known if the variation in composition is 
due to a change in the sticking coefficient of Ga 
with growth time, or if one element or compound is 
being preferentially driven from the e-beam source 
resulting in a change in flux with time. TEM 
analysis of GGG deposited by this manner has 
shown the material to be amorphous. This is 
further. confirmed by N E E D  analysis which 
shows no evidence of streaks or spots. 
I-V analysis of an 8.5nm GGG/GaN 
structure shows leakage currents in the range of 10- 
to 109A/cmZ. However, the I-V curve is not 
symmetrical, as shown in Figure 3, and shows 
much higher leakage than is normally obtained for 
similar structures on GaAs. This suggests a 
problem with the dielectric/semiconductor 
interface. This is further confirmed in the behavior 
of the MOSFET in that modulation of the device 
could not be achieved for voltages above 3 V due 
to gate leakage. By contrast, the breakdown field 
t t t 
Figure 1 X-ray reflectivity scans for 85 nm 
GGG films before and after annealing at either 
825OC or 950°C. The reflectivity is a reciprocal 
space scan taken along the surface normal of 
GaN (0001) direction on very small angles. 
of the oxide used in the MOSFET structure was found to be excellent at 12.5 MV/cm. This shows that while 
the GGG/GaN interface typically contains a rather large number of traps, the dielectric itself is of high quality 
and contains a much lower concentration of traps. 
Figure 2 AES depth profile of GGG/GaN MOSFET structure. 
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From the depletion mode device, gate 
reverse breakdown voltages up to 39V were 
obtained which are significantly higher than the 
breakdown normally obtained from a Pt/GaN 
metal semiconductor field effect transistor 
(MESFET). The GGG/GaN device showed a 
maximum extrinsic transconductance of 15 
m S / m  (V, = 30V), a unit current gain cut-off 
frequency, fT, of 3.1 GHz and a maximum 
frequency of oscillation, fa, of 10.3 GHz (Vds 
After heating the GaN to 700°C to 
remove the contaminants, the temperature was 
reduced to 300°C and the sample was exposed 
to an oxygen plasma. Upon initiation of the 
plasma. the surface M E E D  pattern changed 
from a (1x3) to a (1x2). The sample was then 
heated to the growth temperature of 650°C and 
the (1x2) reconstruction remained. GdzO3 
layers grown in this manner exhibit streaky 
RHEED patterns, though with a symmetry 
which suggests the formation of twist 
boundaries or some other type of lattice defect. 
The surface RMS roughness of these films was 
0.3 nm as seen in Figure 4. This is on average 
1.5 times smoother than the as-received 
MOCVD GaN, indicating that planarization has 
ocured. 
= 25V and V,, = -2OV). 
High resolution cross-sectional TEM 
proved that the GdzO3 grew on the GaN in a 
planar fashion as seen in Figure 5 .  There are 
dislocations visible in the image indicating that 
the film is highly defective. However, large 
areas of dislocation free material were seen in 
TEM. From this image, it can be seen that the 
10"O 1 0 " O  
4 -2 0 2 4 
Bias (V) 
Figure 3 Gate leakage current density for GGG/GaN 
and Si02/Gd203/GaN structures. 
Figure 4 AFM image of GdzO3 on GaN grown at 
650°C. using a low temperature oxygen plasma 
exposure to initiate growth of the oxide. RMS 
roughness was approximately 0.3nm. 
GdzOJGaN interface was clean. The dark layer between the Gd2O3 and the GaN is a thickness effect from the 
ion milling process used to fabricate the TEM sample. On the left side of the image, the Gd203 lattice can be 
seen in.contact with the GaN lattice. A lower resolution TEM image indicated that the Gdz03 planarized the 
GaN quite well. In fact, the GdzO3 filled in the void in the GaN surface with the same registry as the entire 
film. Thus there was no polycrystalline morphology in the void. There were however some pockets of crystal 
lattice that were tilted and rotated as seen in the image. This can be attributed to the dislocations arising from 
the single crystal material in the void meeting single crystal material on the surface. It may be possible to 
reduce the dislocation density by improving the surface quality of the GaN and also by changing the growth 
initiation procedure. X-ray diffraction of this sample showed only one peak for the Gd2O3 that coincided with 
the (1 11) peak from published JCPDS cards. This peak, plotted in Figure 6, had a shoulder to the left side and 
had a full width at half maximum (FWHM) of 883 arcseconds. The intensity of the x-ray system used was too 
low to resolve this shoulder in triple axis mode so the cause of this shoulder is unknown. X-ray diffraction of 
samples grown at higher growth rates which typically show spotty RHEED patterns show clear evidence of 
polycrystallinity due to the appearance of a second peak which corresponds to the (321) plane of GdzO3. Also 
the FWHM of the (1 1 1) peak in such material was over 1600 arcseconds. 
186 IV-I 
Figure 5 TEM images of Gd203 grown on GaN at 650°C using elemental sources. The GaN is on 
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Figure 6 X-ray diffraction plots of Gd203 grown on GaN at 650°C. The FWHM of the peak at left is 
883 arcseconds and at right is 1623 arcseconds. The RHEED pattern from the film at right showed spots 
indicative of polycrystalline structure. 
From the AES depth profile in Figure 7, the interface between the Gd2O3 and the GaN was found to be 
carbon free and abrupt. The increase of oxygen at the interface could not be easily explained by AES. Often in 
AES depth profiling, the surface atoms can be “plowed” into the next surface by the sputtering ion beam. 
However, the gadolinium did not show the same increase. Similar analysis of Gd203 grown from an e-beam 
source in the same system using similar growth conditions is not show this increase in oxygen. It is not clear 
whether this oxygen peak is helpful or detrimental to the electrical characteristics of the interface. 
A thermal stability experiment was performed on a GdzO3 sample which showed an initial x-ray 
FWHM of 883 arcsecond. The sample was annealed at 1000°C for 30 seconds under flowing nitrogen. The 
surface RMS roughness of the annealed sample was 0.60 nm seen in Figure 8. This is less than a 10% increase 
in RMS roughness from the as grown surface RMS roughness of 0.56 nm. An AES depth profile (Figure 7) 
showed that the interface between the Gd203 and the GaN remained abrupt and there was no diffusion of either 
oxygen or gadolinium into the GaN surface. This showed that the interface was stable up to 1000°C. There 
was also a smoothing of the oxygen signal in the depth profile, however, the oxygen increase at the interface 
was still present. X-ray diffraction from this annealed sample gave a FWHM of 789 arcseconds as seen in 
Figure 9. This was almost 100 arcseconds less than the as grown sample. This indicated that the 1000°C 
IV-I 187 
anneal improved the crystal quality without degrading the interface or surface. Thus it appears that, like the 
GGG, the Gd20dGaN interface is thermally stable and should be able to withstand even the most demanding 
device processing. 
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plot of Gd203 grown on GaN at 650°C from elemental sources before (top) and after 
annealing at 1000°C under nitrogen. 
(bottom) 
188 
Figure 8 AFM of Gd203 on GaN grown at 650°C before and after receiving a 1000°C anneal under 
nitrogen. RMS roughnesses were 0.56 and 0.60nm for the as-grown and annealed layers respectively. 
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Electrical characterization of the 
GdzOdGaN interface showed evidence of severe 
leakage with a breakdown field of less than 
OSMV/cm. This is most likely due to the 
dislocations and tilt boundaries which can act as 
leakage paths and cause the breakdown voltage to 
be low. In order to improve the breakdown, it was 
necessary to deposit amorphous Si02 on top of the 
GdzO3. This improved the breakdown field of the 
oxide from 0.3 to 0.8 MV/cm. With the additional 
300 8, of Si02 on the GdZOJGaN MOSFET 
structure, shown schematically in Figure 10, the 
gate reverse leakage current was -10 pA at a gate- 
source bias (VGs) of - lOV, as shown in Figure 11. 
The reverse leakage current remained below 10 nA 
past VGS = -7OV, clearly demonstrating the benefit 
of the insulated gate MOS structure. A comparison 
of the GGG/GaN and SiOdGdzOdGaN leakage 
currents can be seen in Figure 3. The Gd20dGaN 
interface appears to contain fewer traps, and thus 
exhibits less leakage, than the GGG/GaN device 
suggesting that the crystalline dielectric provides a 
better interface to the GaN. However, the superior 
breakdown field of the GGG clearly indicates that 
the defects in the crystalline material are deleterious 
to the performance of the dielectric. 
Further evidence of the quality of the 
Gd203/GaN interface and of the improvement in 
device performance provided by the SiOz overlayer 
can be seen in the DC output characteristics of a 
1 x200pm2 gate dimension SiO2/Gd20dGaN 
MOSFET, shown in Figure 12. Without the Si02, 
modulation could only be achieved at forward 
voltages up to 2V. However, the addition of Si02 
allowed for modulation at gate voltages up to +7V 
for the common-source MOSFET, clearly 
indicating the excellent quality of Gd20dGaN 
interface. A maximum intrinsic transconductance of 
61 mS/mm was measured at vGS=-o.5v and 
V~s=20V. Similar 1 x200pm devices from the same 
wafer showed source-drain breakdown greater than 
8OV. The slightly high output conductance (-0.25 
mS/mm) of the drain IV in Figure 13 was caused by 
short channel effects due to 1nid-10'~ doping in 
the buffer layer. The device had high knee voltage 
and parasitic resistance because the ohmic contact 
was annealed only to -300°C. Although the 0' 
isolation implant provided a good sheet resistivity 
for the as-implanted sample, the thermal stability of 
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Figure 9 X-ray diffraction plot of Gd2O3 grown at 
650°C after a 30 second 1000°C anneal in nitrogen. 
The FWHM of the peak is 789 arcseconds. 
Figure 10 Schematic of MOSFET structure with 
GdzO3 and overlayer of SO2. 
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Figure 12 Forward and reverse gate leakage current for 
Si02(300A)/Gd203(7008) stacked gate dielectric. 
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Amorphous gadolinium gallium oxide (GGG) and crystalline gadolinium oxide (Gd2O3) have been 
investigated as dielectrics for fabrication of GaN metal oxide semiconductor field effect transistors. The GGG 
produces the best breakdown field while the Gd203 appears to produce the best interface with GaN. Both 
dielectrics appear to be stable at temperatures up to 950 - 1000°C. Defects in the crystalline Gd2O3 require the 
addition of an Si02 overlayer in order to reduce the gate leakage current in depletion mode devices. Using the 
double layer structure allows for modulation at forward voltages up to 7V as compared to 3 V. for devices 
fabricated with GGG. From this work it appears that the amorphous dielectrics contain fewer defects and thus 
can withstand higher fields before breakdown. By contrast, the crystalline dielectrics appear to be more 
amenable to the formation of a low defect interface but suffer from high concentrations of defects which limit 
the breakdown field. 
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